High-temperature plastic flow in pre-annealed Zr 65 Al 10 Ni 10 Cu 15 bulk metallic glass is examined in a supercooled region, in order to clarify the effect of the change in microstructure on high-temperature plastic flow. The specimen without annealing exhibits significant necking, but the elongation of 550% is obtained in the tensile test at 673 K and in a constant true strain rate of 1 Â 10 À2 s À1 . In contrast, the specimen annealed at 673 K for 1.8 ks before the tensile test exhibits uniform deformation, and large tensile ductility of 1100% is obtained. In the specimen, initial stress decreases in comparison with that of the specimen without annealing, but apparent strain hardening arise during deformation. XRD analysis reveals that no crystalline phase is detected in the specimen without annealing even after deformation. In contrast in the specimen annealed at 673 K for 1.8 ks, the peaks from icosahedral phase are observed only in gage section but not in grip section after deformation. Strain hardening due to the precipitation and growth of icosahedral phase, which is enhanced by deformation, must make a positive contribution to neck stability, and results in the large elongation in the annealed specimen.
Introduction
Bulk metallic glasses have many potential applications resulting from their unique properties, such as high strength, hardness, fracture toughness and fatigue strength, excellent corrosion resistance, improved wear resistance, and low magnetic energy loss and so on. 1) Recently, Zr-system metallic glasses have attracted attention because these metallic glasses can be fabricated in the liquid state at a low cooling rate of about 1-100 K/s. 2, 3) In particular, Zr-AlNi-Cu metallic glasses have high glass formability and a wide supercooled liquid region. [4] [5] [6] There is one more favorable point for industrial applications that the Zr-Al-Ni-Cu metallic glasses contain neither reactive elements such as Lanthanide nor toxic elements such as Be. Therefore, these Zr-Al-Ni-Cu metallic glasses are attractive not only for fundamental research but also in practical applications.
One of the most useful characteristics of metallic glasses is their shaping and forming ability in the supercooled liquid region. 7) This characteristic is related to superplastic behavior due to Newtonian viscous flow. This phenomenon has been reported in many kinds of Zr-system metallic glasses, such as Zr-10Al-5Ni-30Cu, 6) Zr-10Al-10Ni-15Cu 5, [8] [9] [10] and Zr-7.5Al-10Ni-17.5Cu.
11) Superplastic forming has been used widely in the manufacturing. In the future, it is expected that the superplastic forming will shape the components made of metallic glasses.
In the study of such high-temperature plastic flow of bulk metallic glasses in supercooled liquid region, many interesting results have been reported such as strain hardening by crystallization during deformation. 9, [11] [12] [13] For example, large elongation is obtained by adding Pd or Ag in Zr-Al-Ni-Cu bulk metallic glass, which shows apparent strain hardening due to the precipitation of icosahedral phase.
11) However, in Zr-Al-Ni-Cu bulk metallic glass without the noble metal element such as Pd or Ag, different results of high-temperature plastic flow behavior are reported. 11) Thus, the effect of the change in microstructure on high-temperature plastic flow is not clearly understood.
In the present study, high-temperature plastic flow in preannealed Zr 65 Al 10 Ni 10 Cu 15 bulk metallic glass is examined in a supercooled region, in order to clarify the effect of the change in microstructure on high-temperature plastic flow.
Experimental Procedure
The material used in this study is Zr 65 Al 10 Ni 10 Cu 15 bulk metallic glass having a thickness of about 1.5 mm supplied by YKK Corporation. High temperature tensile tests are conducted at 673 K and in a constant true strain rate of 1 Â 10 À2 s À1 . Tensile test specimens are fabricated from the asreceived metallic glass by means of electrical discharge machining. These specimens have a gauge length of 5 mm, a thickness of 1.47 mm and a width of 5 mm as shown in Fig. 1 . Some specimens are annealed for 1.8 or 2.7 ks at 673 K before the tensile tests. The heating rate is rapid in order to minimize the change in microstructure because of structural instability during the testing of the specimens at high temperatures. The heating-plus-holding time prior to testing is about 1.2 ks; heating and holding times were about 0.9 and 0.3 ks, respectively. Strain rate sensitivity exponent (m) is evaluated by strain rate change tests in the strain rate range from 2:4 Â 10 À5 to 1:5 Â 10 À2 s À1 at 673 K. The structural change is analyzed by X-ray diffraction (XRD) and differential scanning calorimetry (DSC). Figure 1 shows the view of two deformed specimens having exhibited large elongation at 673 K and in a constant true strain rate of 1 Â 10 À2 s À1 ; (a) as-received (without annealing) and (b) annealed at 673 K for 1.8 ks before the tensile test. As-received specimen exhibits significant necking, but the elongation of 550% is obtained. In contrast in the specimen annealed at 673 K for 1.8 ks before the tensile test, uniform deformation occurs and the large elongation of 1100% is obtained. Since the strain rate sensitivity exponent (m) obtained by strain rate change tests is about 0.8 in both specimens, the difference in the neck stability in the two materials is not explained from the difference of m value. Figure 2 shows the stress-strain curves obtained at 673 K and in a constant true strain rate of 1 Â 10 À2 s À1 in the specimens (a) as-received, (b) annealed at 673 K for 1.8 ks, and (c) annealed at 673 K for 2.7 ks. In the specimen annealed at 673 K for 1.8 ks, initial stress decreases in comparison with that in as-received specimen, but apparent strain hardening is observed before fracture occurs. In contrast in the specimen annealed at 673 K for 2.7 ks, initial stress increases in comparison with that in as-received specimen and the elongation is limited.
Results and Discussion
In order to understand the structural change of each specimen with annealing or deformation, DSC and XRD analysis are carried out. Figure 3 shows a DSC curve obtained from as-received specimen at the heating rate of 0.4 K/s. The result exhibits not a single peak for crystallization, but there is an extra exothermic peak. This result is different from the previous report that Zr-Al-Ni-Cu bulk metallic glass crystallizes from the supercooled liquid region through a single exothermic reaction, but similar to that of the noble metal element such as Pd or Ag added one. 11) Figure 4 shows the results of XRD analysis obtained from (a) as-received, (b) annealed at 673 K for 1.8 ks, (c) annealed at 673 K for 2.7 ks and (d) annealed at 923 K for 3.6 ks. In asreceived specimen, no peaks from crystalline phase are observed, so this specimen has the structure of single amorphous phase. In the specimen annealed at 673 K for 1.8 ks, no peaks from crystalline phase are also observed in XRD analysis. In the specimen annealed at 673 K for 2.7 ks, icosahedral phase precipitates in the amorphous phase. It should correspond to the first exothermic reaction of the previous DSC curve. In the specimen annealed at higher temperature, crystallization occurs, which corresponds to the second exothermic reaction of the previous DSC curve. This result indicates that the Zr-Al-Ni-Cu bulk metallic glass used in this study has some contamination. It has been reported that the quasicrystal formation is induced by the oxygen contamination in the Zr-Al-Ni-Cu alloy.
14) It has also been reported that supercooled liquid region, ÁT x (¼ T x À T g ) decreases with increase in oxygen content, where T x and T g are the crystallization and glass transition temperatures, respectively. 14, 15) Then, ÁT x of the material used in this study is compared with that reported in Zr 65 Al 10 Ni 10 Cu 15 bulk metallic glass without oxygen. 5) In Zr 65 Al 10 Ni 10 Cu 15 bulk metallic glass without oxygen, T g , T x and ÁT x have been reported to be 652 K, 757 K and 105 K, respectively. 5) On the other hand, T g and T x are estimated to be 644 K and 733 K, respectively. ÁT x is, therefore, estimated to be 89 K. This value is lower than that in the material without oxygen, and the decrease in ÁT x exhibits similar trend of bulk metallic glass having oxygen contamination. From these results, the Zr-Al-Ni-Cu bulk metallic glass used in this study must contain some oxygen. Figure 5 shows the Isothermal DSC curve of the asreceived specimen at 673 K. An exothermic reaction corresponding to the precipitation of icosahedral phase is observed from about 0.9 to 2.4 ks. In order to discuss the effect of the precipitation behavior on the tensile elongation, deformation time in tensile test at 673 K and in a constant true strain rate of 1 Â 10 À2 s À1 of (a) as-received, (b) annealed at 673 K for 1.8 ks and (c) annealed at 673 K for 2.7 ks is plotted in the figure. As-received specimen deforms before the precipitation of icosahedral phase occurs. The specimen annealed at 673 K for 2.7 ks deforms after the icosahedral phase has precipitated and grown, because sharp peaks are obtained in the XRD spectra as shown in Fig. 4(c) . The existence of the grown icosahedral phase before the tensile test must be the origin of the increasing stress and the limited elongation in this specimen. On the other hand, the specimen annealed at 673 K for 1.8 ks deforms during the precipitation of icosahedral phase, but the precipitation is not finished during deformation. Judging from the results shown in Fig. 4(b) and Fig. 5 , very small icosahedral phase is precipitating before the tensile test in the specimen annealed at 673 K for 1.8 ks. Figure 6 shows the XRD spectra obtained from the specimen annealed at 673 K for 1.8 ks after deformation to failure. The peaks from icosahedral phase are shown only in gage section but not in grip section. This result indicates that the precipitation and growth of icosahedral phase is enhanced by deformation. This result is in good agreement with the result reported in Cu-base bulk metallic glass. 13) From these results, the uniform and large deformation in the specimen annealed for 1.8 ks is explained as follows, i.e., strain hardening due to the precipitation and growth of icosahedral phase, which is enhanced by deformation, must make a positive contribution to neck stability. The detail of microstructural observation of icosahedral phase by TEM will be reported in a separate paper.
Conclusion
High-temperature plastic flow in pre-annealed Zr 65 Al 10 Ni 10 Cu 15 bulk metallic glass is examined in a supercooled region, in order to clarify the effect of the change in microstructure on high-temperature plastic flow. The results obtained in this study are as follows.
(1) Large elongation of 1100% is obtained in the specimen annealed at 673 K for 1.8 ks before the tensile test deformed at 673 K and in a constant true strain rate of 1 Â 10 À2 s À1 . The annealed specimen exhibits uniform deformation without necking and apparent strain hardening arise during deformation, while as-received specimen exhibits significant necking at the same condition.
(2) XRD analysis reveals that the peaks from icosahedral phase are observed only in gage section but not in grip section. This result indicates that the precipitation and growth of icosahedral phase is enhanced by deformation. (3) The reason why the large deformation obtained in the specimen annealed at 673 K for 1.8 ks is that strain hardening due to the precipitation and growth of icosahedral phase, which is enhanced by deformation, must make a positive contribution to neck stability. 
